Motivated by the colossal negative thermal expansion recently found in BiNiO3, the valence transition accompanied by the charge transfer between the Bi and Ni sites is theoretically studied. We introduce an effective model for Bi-6s and Ni-3d orbitals with taking into account the valence skipping of Bi cations, and investigate the ground-state and finite-temperature phase diagrams within the mean-field approximation. We find that the valence transition is caused by commensurate locking of the electron filling in each orbital associated with charge and magnetic orderings, and the critical temperature and the nature of the transitions are strongly affected by the relative energy between the Bi and Ni levels and the effective electron-electron interaction in the Bi sites. The obtained phase diagram well explains the temperature-and pressure-driven valence transitions in BiNiO3 and the systematic variation of valence states for a series of Bi and Pb perovskite oxides. PACS numbers: 71.10.Fd , 71.30.+h , 75.25.Dk, 75.30.Kz Perovskite transition metal (TM) oxides (general formula: ABO 3 ) have been providing central issues of phase transitions and strong electron correlations in condensed matter physics [1, 2] . They exhibit a wide range of novel magnetic, dielectric, and transport properties: for example, the large negative magnetoresistance in La 1−x Sr x MnO 3 [3-5], the spin-state transition in La 1−x Sr x CoO 3 [6, 7] , the metalto-insulator transition in RNiO 3 (R: rare earth element) [8] , and the ferroelectric to quantum paraelectric transition in Ba 1−x Sr x TiO 3 [9, 10]. In these phenomena, the central players are the electrons in 3d orbitals of the B-site TMs hybridized with oxygen 2p orbitals. The A-site cations, on the other hand, are usually inert and have been regarded as "stagehands": they control the electron filling and bandwidth through their valence state and ionic radius, respectively.
Perovskite transition metal (TM) oxides (general formula: ABO 3 ) have been providing central issues of phase transitions and strong electron correlations in condensed matter physics [1, 2] . They exhibit a wide range of novel magnetic, dielectric, and transport properties: for example, the large negative magnetoresistance in La 1−x Sr x MnO 3 [3] [4] [5] , the spin-state transition in La 1−x Sr x CoO 3 [6, 7] , the metalto-insulator transition in RNiO 3 (R: rare earth element) [8] , and the ferroelectric to quantum paraelectric transition in Ba 1−x Sr x TiO 3 [9, 10] . In these phenomena, the central players are the electrons in 3d orbitals of the B-site TMs hybridized with oxygen 2p orbitals. The A-site cations, on the other hand, are usually inert and have been regarded as "stagehands": they control the electron filling and bandwidth through their valence state and ionic radius, respectively.
Peculiar exceptions to the above standards have recently been found in several perovskite TM oxides, in which the Asite cations play an active role as "valence skipper". In these compounds, not only the B-site 3d electrons but also the valence s electrons in the A-site cations significantly contribute to the electronic properties. In the valence skippers, the outermost s orbital prefers closed-shell configurations s 0 or s 2 , and tends to skip the intermediate valence s
1 . This is attributed to the effective attractive interaction between s electrons [11] [12] [13] , and hence the A-site valence state can be actively controlled through electronic degrees of freedom. Owing to the multiple electronic instabilities in both A-and B-site cations, the TM oxides with the A-site valence skipper have a potential of new electronic phases and functions.
The colossal negative thermal expansion (CNTE) material BiNiO 3 [14] is one of such candidates; both Bi-6s and Ni3d electrons are expected to play a key role in the large volume change [15, 16] . At ambient pressure, BiNiO 3 has a unique valence state, where the average valence of Bi is 4+ but it is disproportionated to 3+ and 5+, while the valence of Ni is 2+ [17] : the A-site Bi cation exhibits the valence skipping nature. Bi 3+ and Bi 5+ are spatially ordered in a checkerboard-like pattern, which can be regarded as a charge ordering (CO) at the Bi sites. The electronic and lattice structures are drastically changed by applying pressure; the system exhibits an insulator-to-metal transition with the structural change from triclinic to orthorhombic, where the electrons are transferred from Ni to Bi and the valence state changes from Bi
At the same time, the unit cell volume largely shrinks about by 5 % [15, 18, 19] . Under pressure, this phase transition is also observed by raising temperature (T ), which is termed as the CNTE.
The large volume shrinkage in the CNTE is attributable to the valence increase at the B sites which determine the lattice parameters in perovskites in general. However, the mechanism of the valence transition behind it, involving both Bi and Ni sites and the charge transfer between them, remains to be clarified. This is owing to the fact that, as mentioned above, most of the previous studies for perovskite TM oxides have been generally focusing on the TM 3d and oxygen 2p electrons, which usually govern the electronic properties, and hardly incorporate the valence state in the A-site cations explicitly.
In this Letter, we present a microscopic theory for the valence transition behind the CNTE in BiNiO 3 , which treats the active electronic degrees of freedom in both A-and B-site cations on equal footing. We introduce a simple but realistic effective model for BiNiO 3 , and clarify the ground-state and finite-T phase diagrams within the mean-field (MF) approximation. We will show that the valence transition is controlled by the relative energy between Bi and Ni levels as well as the electron correlation at the Bi sites. The charge transfer between Bi and Ni is caused by spontaneous symmetry breaking associated with a bipolaronic CO at Bi and antiferromagnetic (AFM) order at Ni, both of which favor a commensurate filling in each band. Our result will provide a useful guide for further exploration of larger CNTE in related materials.
Let us construct an effective model for BiNiO 3 . According to first principles band calculations, the Bi-6s and Ni- 3d e g bands are located near the Fermi energy, and the O2p bands strongly hybridize with them [19] . Here, we take into account the Bi-6s and Ni-3d e g orbitals, while assuming that the role of O-2p is effectively incorporated in the energy levels and the other parameters. The electronic configurations in the insulating Bi 3 phases are schematically illustrated in Fig. 1(a) . For further simplicity, we omit the twofold degeneracy of e g orbitals as shown in Fig. 1(b) ; the essential physics related to the valence transition will be retained as described below. Considering the uniform electron configuration along the z axis in the real compound [14] , we adopt a two-dimensional lattice of Bi and Ni obtained by projecting the perovskite structure in Fig. 1(c) on the xy plane, as shown in Fig. 1 
(d). The Hamiltonian is given by
where a iσ and b iσ represent the annihilation operators of electron with the spin σ(=↑, ↓) at the Ni and Bi sites of i-th unit cell, respectively; n the first and second lines represent the electron hopping on the Ni-Ni, Bi-Bi, and Bi-Ni bonds. In the third line, the first term is the energy difference between the Bi-6s and Ni-3d levels, the second term is the on-site Coulomb interactions on the Ni sites, and the third term is the effective interaction that describes the valence skipping nature of Bi [11] [12] [13] ; we consider not only positive but also negative values for U B . The fourth line represents the intersite Coulomb interactions on the Bi-Bi and Bi-Ni bonds.
We obtain the phase diagram for the model in Eq. (1) by the MF approximation with decoupling the two-body interaction terms in the third and fourth lines in Eq. (1) as nn ′ ≃ n n ′ + n n ′ − n n ′ . We take the unit cell that includes four Bi and four Ni sites, as shown in Fig. 1(d) . By investigating several sets of parameters and varying them, we find that U B and ∆ are most relevant to the valence transition; hence, below we show the results by varying these two parameters while fixing the others at t N = t B = 1, t BN = 0.5, U N = 3, V B = 0.65, V BN = 1. We have confirmed that the detailed changes of the parameters do not alter the following results qualitatively.
First, we present the ground state properties. In the uniform-I (II) phase, a major portion of the electrons reside in the Bi (Ni) sites with spatially uniform distribution, and no spin polarization is seen in either sites as shown in Fig. 2(b) [2(d) ]. On the other hand, in the CO+AFM phase, the average charge density becomes almost the same for Bi and Ni, i.e., charge transfer occurs between them compared to the uniform phases. In addition, a bipolaronic charge disproportionation occurs in a staggered way between the Bi sites, as shown in Fig. 2(c) . The spin moments are canceled at each Bi site, whereas those at the Ni sites are antiferromagnetically ordered. To elucidate variations of the electronic states in more detail, we show the ∆ dependences of the charge densities n Figure 3(a) shows the results in U B = −2, where the valence skipping nature of Bi is relatively strong. In the large-∆ region, where the energy level of the Ni orbital is substantially higher than that of Bi, the electrons occupy dominantly and uniformly the Bi sites, and the Ni orbitals are nearly empty; no spin polarization appears. This electronic state corresponds to the uniform-I phase in Fig. 2(b) . When ∆ is decreased, the charge densities and the Ni spin moments simultaneously jump at ∆ ≃ 1.25, with showing the spontaneous symmetry breaking in both charge and spin channels: the system enters the CO+AFM phase. At the transition, the average charge density in the Bi (Ni) sites suddenly decreases (increases) by about 0.7. Namely, the valence transition is caused by the charge transfer between Bi and Ni.
As seen in the phase diagram in Fig. 2(a) , when U B is increased, the CO+AFM phase shrinks and shifts to larger ∆ region. This is seen in Figs. 3(b) and 3(c) , showing the results for U B = 0 and U B = 2, respectively. When U B = 0, the uniform-II phase is realized in the small-∆ region, where the charge density in the Ni sites becomes larger than that in the Bi sites, on the contrary to the uniform-I phase. The transition between the CO+AFM and uniform-II phases is also a valence transition. In addition, a narrow intermediate state termed sub-II [ Fig. 2(f) ] appears, in which the average charge densities are similar to the uniform-II phase but with a weak checkerboard-type CO at the Bi sites. For U B = 2, the region of ∆ for the CO+AFM phase is further narrowed and shifted, and another intermediate phase termed sub-I [ Fig. 2(e) ] appears between the CO+AFM and uniform-I phase, where a weak AFM order occurs at the Ni sites. We note that a larger U B results in a smaller amplitude of the valence changes, as shown in Figs. 3(a)-3(c) .
Next, we discuss the finite-T properties. Figure 4 shows the global phase diagram with the T -axis attached to the groundstate phase diagram in Fig. 2(a) . When T is raised in the CO+AFM phase, first the AFM order is destroyed, while the CO remains; at higher T the CO melts and the uniform phase is realized. The uniform-I and -II phases in the ground state are continuously connected in the high T region, as they possess the same symmetry. Consequently, the CO phase shows a dome-like structure. The width of the CO dome becomes wider for lower T , whose rate is slightly increased below the AFM transition temperature.
The T dependences of the charge densities at each site are shown in Figs. 5(a)-5(c) for several values of ∆ at U B = −2. The CO transition is discontinuous for the large and small values of ∆, while it becomes continuous for intermediate ∆.
The discontinuous CO transition is accompanied by the large amount of the charge transfer between the Bi and Ni sites. Below the CO transition temperature, the average charge densities in the Bi and Ni sites become nearly 1. The transition between CO and CO+AFM is always continuous, whose critical temperature is insensitive to ∆. Figures 5(d)-5(f) show the results for U B = 2; all the T scales become smaller compared to the case of U B = −2, and accordingly, the amplitude of the CO also becomes smaller. The average charge densities in the Bi and Ni sites change even below the AFM transition temperature, which moderately depends on ∆ here, in contrast to the case of U B = −2.
Through the above analyses, we have found that the valence transition occurs between the uniform and CO phases. Here, we discuss its origin. The Bi-site electrons have the instability toward the bipolaronic CO due to the combination of negative U B and positive V B . The instability is most enhanced when the Bi band is half-filled; i n B i /N = 1 (the sum is taken over the Bi sites and N is number of the Bi sites). This condition is satisfied near the center of the CO dome where the CO temperature is maximized, for example in the situation in Fig. 5(b) . On the other hand, apart from the dome center, the Bi band filling becomes incommensurate in the high-T uniform phase, as shown in Figs. 5(a) and 5(c). In this case, the CO transition is accompanied by the charge transfer between the Bi and Ni sites for restoring the commensurability of the Bi band. This commensurate locking is the primary cause of the valence transition. The AFM instability in the Ni sites due to the positive U N also contributes to this locking effect, as clearly seen in Fig. 5(d) . These considerations lead us to conclude that the valence transition is attributed to the commensurate locking of the electron filling in both Bi and Ni bands driven by the strong electron correlations.
Finally, let us compare the present results with the experiments in BiNiO 3 and related materials. The first-order valence transition with the charge transfer from Ni to Bi is observed by increasing T and pressure in BiNiO 3 . In the present calculation, the discontinuous valence transition driven by T is indeed seen, e.g., in Fig. 5(a) . The pressure-driven transition can also be explained by the transition with increasing the relative orbital energy ∆, e.g., in Fig. 3(a) , when we assume that the pressure affects ∆. This is reasonable as the volume reduction under pressure is mainly due to the contraction of the Ni-O perovskite framework in BiNiO 3 [15] , which may increase ∆ via the increase of the Ni 3d energy levels.
On the other hand, ∆ can be more directly controlled by the substitution of the TM cations. Such effects are actually investigated in BiM O 3 (M = V, Cr, Mn, Fe, Co, and Ni) [20] [21] [22] [23] and PbM O 3 (M = Ti, V, Cr, Fe, and Ni) [24, 25] . These experimental results suggest that the electrons tend to be accumulated in the A(B) cations in the systems with low (high) 3d level, while they are uniformly distributed in A and B cations for the intermediate case. This tendency and the phase transitions between the different valence states are well understood by the ∆ dependence in our phase diagram in Fig. 4 .
In summary, we have presented and analyzed a microscopic model for the electronic states in the perovskite oxides including the valence skipper as the A-site cation, especially focusing on the valence transition in BiNiO 3 . We have found that the valence transition is attributed to the commensurate locking of the electron filling in the Bi and Ni bands due to the electron correlations, and it is sensitive to the relative energy of the Bi 6s and Ni 3d levels and the intra Bi-site interaction. Our work provides a fundamental understanding of the electronic properties in a series of new perovskite materials including valence skippers as the A-site cation which have as yet been scarcely dealt with. As a mechanism of negative thermal expansion, the ion radius change due to the valence transition is markedly distinct from those previously discussed, which are attributed to lattice vibrations and magnetovolume effects [26] . We expect that our result will contribute to the development of the "next generation" negative thermal expansion materials.
